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CHAPTER V

ANALYTICAL AND EXPERIMENTAL FAILURE R EF UL T S

5.1 Criteria for Failure

The second measure of -concept evaluation and methodology cots—

parison was the ultimate strength of the joint . Failure load for the

experimental analysis  was chosen as the maxi mum load achi eved bef ore

catastrophic failure occurred ; and ti:ea-: ica re , did no t necessarily rep-

resent the load at ini tial fai lure or croci. proa-at’atisn . Failure load

for the f i n i t e  element anal ysis w~ edic ted by three different fail-

ure criteria. Plc-cent.: in the vicinity of the joint , axclu ive of  the

isotrop ic insert , were eval u~ ted by toth the Tsai - --u and maxima-a . etress

failure criteria . The iss-tr (-ric ins t- s was analyzed using t €  raxi :.u

shear failure criterion . All three criteri a emplo--el esnuned that ulti-

mate failure and initial failure wet-- - si rardtaneous .

Ultimate strenrth allowable- : for- ind~ v diral cublaminat’-s were

ob tained from the Air  Force “A da ;n c - d  S’onpositc de~ - i ~~rj Gu i s e” [3]. f - c f-

erence was made for a h i  -h- -strength grs~- lt ~ to - epotcv comj- - te ann a l l

:-:trongth valu’-w-; utilized are shown in Table 3. lnterlan in-rm - atr ’ - nj’fl.s

were assumed to be equal to the transverse strengths of a un hH recth-nr;- ai

Laminate . The isotropic shear strength of the adhesive used tcr the in-

sert: was tb-i t recommended by Gillesp ie and Pi pes [1] and is also sun —
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p l i e d  i n  F ab l e  3.

5.2 Tsai-Wu Failure Criterion

The Tsai-Wu failure cr terion s a cultiaxial failure anal-’s~ o

which utilizes all stress ccsc o: :- r p - - in a sing le quadrat c ~-xsi-e sian.

For the la::~~na coordin ate sys tem , it is expressed in tensor notation

as follox::

t F . .  a .  a .  > 1 ( i , j  = 1,2 , ..,5,~~)

where F. and F. . are fa i lure  tensors which are functions of th e1

material stren gth proper ties :

F. = 4 
- —

~~
- ( 2 = 1 , 2 , 3) F.  = 4 - (j=t~.5 ,~ )

F .  —k- (i=1 ,2,3) F.. (i~~~,5. 6)5 1  
~~~ 

h1 
~~~ ~~~i 1 1I ad

< V~~. .  F . .  (i , ~=i , 2 , . .  . , 5 ,P )  -

um - - i~- -r e-d ~ cted when -:u;ation (4) is nat~ sfi ed (the le~ t — ~ r a - -  s id-

s t  t : — ~ e : U it  iTh  ~~c~ a:I~ 1.0). !i-~ l -ing this cr~ ten on for a St at-

st m - ’ia-s , eauat s-ri (4) re -bi:--s to:

L
2 

0 2 i 3 a~ + F~~ o~ + F 33 a~ F~ :s~~ + ~F 23 c

+ 2F 34 13
3 
0
23 

+ 2 F
24 02 023 1 1 (5)
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F. = ! _ J  F F -2 
~~ ~c 22 ~t 1c 

-
~~~~ ~~~~

2 2

F = -i-- - —i— F - ______ F -

~~ ~c 33 
- 

>~ 
, c 3~ 

- - 
~~~ 4L~

3 3 3
__ _
3

F44 = F
2~ = /F92 F44

and X~ , X~ , S.  are su~ ; l i e d  in Tab le 3. T h i s  quadra t ic  exp res sion

can be solved to obta in  the factor  of safets’ , , where

N 
- b ± ~~~~~~~~~~ ( p )

and

- Failure Load= Factor of Safe ty = -App lied Load

a = F 22 + F
33 

o~ + F
44 

0~~~~
3 

+ 2F 23 0 2 ~ 3

+ 21’
34 

0
3 

J
23 

+ 2F 214 02 
0

9 1

b = F 2 02 
~~ F

3 
0

3

c = - 1

Iritsit ting the stress components 0
1 

o~ , 0
3 

result i ng  from a s i n g le

point load at the t ot  of the spar , the resultin-s factor of safe Ic- , N

s equal U the  p r - e d i : t e t f a f lu t -  load.

b 3  exist-urn Stras Failure Cr i t e r ion

The second t I lurc- c r I ten on aced to eva lua te  the oro r -h i t e—ep c-x v
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_________

was: maxirnu:r stress. Thi r- l usrlon predicts failure x..~ n

an , one of t i i - ~~ stress - cornpon ’ - n t s  reaches or exceeds tp o-  orr

mater i-a l str-~-iict a. For the  i irs l i r sa  -:s -sr - -s ~ r sote sys tem , f a i l u re  is pre-

dicted when at least one of he following three ‘ su-itions is -at i sf ic: ,

a .  > X~ (-~ .>C) (i= i ,2,~~)

- > X ~ (a —sO) (i=l ,2 ,3)

~ S . (i=L ,5 ,6)

where X~ = maximum normal tensile stress

maximum normal o-oinrsressive stress
1 -

S. = next-mum she:sr - sress
1

2 - i t - i  b r  to the  T s a i — P u  a na ly s i s , t h e  p r ed lo  t ed  f n i  lure load c-is  P-  ol -

to  st i e d  -as - t i -  n i  n imum rat ic of t P ’s na:- : i r su rn mater  ci st i~i - - i i ; t s  - 5 .  - , l  -

responding - t ress  component due to a point ic - a- i  app l ied  at  the top of

the  spar or

Xt Xc

N —a- ~~ > 0) l~ - ~~~~~~ ( c - ~0)] 2 2 02 -

(n >0) = — —
~~

- (o ,~ 04
3 3 4 0

Sn
N ~ = T~~T
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where N = failure load

= stress due to- applied point load

and ultimate load is the m il-:inL un N value obtained .

5.4 Maximum Shear C-a l lur - r tes or.

Uti l ized  omIt ~sr the tra -li-s p Iss: of ins 115 or adhesive failure ,

~he maximum shear Sri Per - inn re s u i r - - tha t vieldinp of the insert nCte-

n a b  i n i t i a t e s  1-ailuu~- . The refo re , fa i lure  was ass-st-ed to occur when

the fo l lowing  e~~U 3 t s O a  was s a t isf i e d

F t
adh su

o > —  = F23 — 2 adh
sax

-shor e F t 1  = u l t i m a t e  adhesive  t e a n s l o  st r e nr t hadh

F~~ = ult it e  adhes i ve shear

~i - t a i n i n g  0
2 , 7

3 
and 0

23 
Pro-n t i -- - finite element analysis ,

C - -was se- h~ nes as1:_ ax

2 ° 3 2 2 1 1
a [(_ - _ — — — - -_---~ ~~~e ]

2 3  1 23max

Ille predicted f i i i u i  load , it , was 1et~ ”mined from

F SU
,~
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23  

resulted from the -a p l i c  40. ion 0± ii i -n-inS iasd ~;a ta l l  - -

of the or - on - .

\ value c-f 12.0 NIe ( 1 . 7 5  k s i )  was u-sec  f-s r the  u i P i n ~~Sa c - : : -  -

sive sneer str un- th as reco:s:inen ied b-v Cilless in and i m e t  [1]. t~l~ .:- :rli

P 5 : 5  shear :treristh yielded predict failure l- ::- : :  : - s h i - sb .  s : r ’ -~-- - :

tatively with otserved craci initi ati -sis loads , it pi- c-~ - i d e d  a soar n e -

ciction: on the ultimate load i~~r a riven ccncefl. ose--i~-r , u~~i l i zi n r  a

:55:015 s t rO n g  L i i  t i-Ic P 15 :- S the above value good cu -m t  i t a t i V n  oLd  ct ion s

ol i m i n t u lt i m a t e  load can h c -~~ bt 1::eJ .

5 .5  Ult imate  Load--Spors o05 O~~tS

The pred i c t ed  f a i l u r e  load for aCt  tho - IC fo 5lure sriterTh an~

t l o  ov o r  - - - - :x i e r l : s n st a l  ~ a 11151 a- sl otted veie u:- 5001:  - - - -ri~~~ 2 fo r  sll

5 nCa~ t~ r j i a rco:  +~ t::roe i 41. hamerical r--: u t-s coo s - - :  5 - - - -

t ab l e  4 . hxe rn in ri~- t h e  r - - ons - -cnses f-or c - i a n o p t s  ‘ - “ 
- 

- ‘  ‘ t s r  - 
“ I~~

’ ( F T

- s ~ S . Vi 
~~~~- - 4±: , r - : ; - r c t i v : l y ) , the  m4: - : :1 J ’l - S t i a - in Cr0 t o 1 :~~~i l 5 ~~’S~~~ .

f o~~l ire i s  i n  Per-los- s t a r  d o p o s h .  Ia’ a-fr -ic -sn P s--s S lisert sod th e  ~~~~~ - -

- ~ - s-: .- - - -;- t ~ - (see b ipu re  51 ar- d sect la -n  5. ’- ho -i - in  I i~~i 1-1 1 iur ~r l o c a  —

t~~or i s ).  C s n ::sni S t r a -  end i s - n i - s - i 051 Penis pea-d ot rr—pi i::: 4

st the Lot- ol the r vcrl np 2 -c-vt: t h i s  l o w e r  c —st -si - of tise ins - ~r ( F I ’  --

‘it ’-  Sfl ~ L - i 1- sa d :-:re: - ~~ t h i t t i  ‘ ‘ b r  .j~~scy -±--ov orlu~ ~ao- —n. -~ irasi i c-i

i l l  i s - -~- t a r  i - p U : sh e  5 s a  — a u  pn 1 ’ ct  s : :  5 1 5  conlservot i v : . w : t - : s - 1 ’ : l - l r -  - :

to -  maxauc :. stress , hut t!ie two Cr1 perTh l oand the es-c- ’ - 
si r ’egu t t .

it i 11 f , n  - -1t :~~: : l t I i _ 1 t,,-~-t- ~s - :l j i p i t ed 1 — v -r no el  r ‘ ‘J40 ’ a :  shown s i r  Th a I - -  4 t - ~

I -s r th irr r i  - - . a l l  ; - r e b i s U - r .l I i l u i - - - t o - - icc f e l t  -.‘elJ solow I t  - - : - . - rj—
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mental  f i  tidin g :; .

For concep t “E” (Fit-use 49), no experimental data was obtained.

However , the  predic ted  response curves show the same inverse relation-

shi p between strength and span as that exhibited ~-y all other concepts.

The Tsai-Wu criteria is conservative with respect to the maximum ctr~~ s

4 cri teria for this concept as well .

Examination of all failure results for a g iven span indi cate

that pi-e licted ultimate load-span responses are proportional to eacL

other and , in general , are of the same form as experimen tal results as

demonstrated by Table 5. For concept “B” , the approximate relation be-

tween theoreti-ssi t and ex~ eririen 1ai ultimate loads predii ct~ fa i lure load

to within 10% of experimental  f in d i n g s . Alth oup L th is  error is indica-

tive of mos t tes t values , one data point does differ Pc- hfl.

Comparing experimental ultimate load results for all concepts

and spans (Fi~:ure 50). two ti-en-i s can be noted. First , ti;e radial geom-

etries possess the oreatest strength with strength increasing as the in-

sert radius increases (see section 5.7) For the triangular geometries .

‘he Lnsert of lai-ppest as~-ect ratio y ielded the grea tes t streng th (see

section 5.8). As was the case with apparent stiffness , the in f luen ce of

local joIns geometry di m in ishes  rap idly with increases in span tens U -

5.~- Failure Ini tiation rites

Although f i n i te element prediction of fai lure ini t iation sites

i : - ~~i sI~~a t S t :  - forward , v isua l  inspect  ia - -u -turing -specimen tfl-st ing was q i i  te

- 7L ~ -
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TaCle 5: Proportionality of Ultimate Load versus Span Resul ts

Concept ~~~~~~

A 2.84 1.22 1.14

B 1.46 1.21 0.74

C 3.72 2.40 1.14

D 1.68 1.76 0.94

B — 1 . 2 8  —

F = Maximum shear f a i l u r e  loadad pred iction (Adhesive)

Tsai—Wu failure load prediction

F =  Maximum stress failure load
prediction

F = Experimenta l  fa ilure  loadex
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-

- 1600
4 0 Concept A

800 - 0 Conce pt B
0 Conce pt C
A Conce pt D 

-

~~

z

•0
0 a
o 0

800 ~1
S pan Length , L (cm )

10 20 30
I 

I
I I I 

1 0
4 8 12

S p a n  L e n g t h , L ( i n c h e s )

Fi gure 50: Experimental Determination of U;e Influence of Geomei:ry
and dpan on Ul t ima te Load
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i sc- :,- 1 - i : - i v t -  in ha--ter - : i u in g  s i a - c s  of crach 1r~~ i t ~ ~oc. I n i t i a l  Uj i l : e

cati outo C5Y provided in Fisw 51 Pcr ;~~~ : . the ;seore t - ~i ~~~i a-- --:; - - - -

mental  auia1 ’,- :~- i s .  For mo st  test -- p e c i m e n s , insert dePond in ~ occu r; ‘d

loads si gn it i ca i : ti ’z  :-ela ; -; f cal j o t n t  1a~~~-or- .

Although Fi ure 51 is se l f  -ex r i i n a s cr - ,- , a -ev~ r -a1 po :. a - j C O~ d

be noted. As indicated by experimental data u-cotta -i , the use of vi - u:,t

inspection must be regarded as O5i ,~ a good 3 -proxisation. Lao t — :- the

size of the area of interest , much dil ficuit - : ass encountered is trsU~~:-

to distinguish first crac-. in itiation .

Failures in concep t “B” were , ~~lj sc-ia-oral , c a t -a st r o t h i c  while  - 
-

crack i n i t i a t i o n  and pr opagaa- ion woo not ce,oi le in other  ccccept s .  As

span length increased , fa i lures  became incxeasin ~ l-,- violent due to the

large mid~ p -ir .  dcf lec~~ic- ri s prior to f i i lu r e  - Inter -  r ; - - -r t  ~: lur c.a-  tar

concept  “Li ’ cccur;-- 0 a  at the inser t  “ma -la h un. -- :cr s~ m:: ~o 12 — i t ; , r o - u s .

2 2 _ L ~ (see section C.6). This inter—in :-;ert lit l ul e s-ac F- t cots- -i i i :  S iP.-

plea hi vi ng -~n ii~ n.-r I s  ;- i c at o u  in a-tsp .

For concepts “A” t h r o uu h  “ s” , Tsa i — Wu and a - o x  a -urn stress sr- i t  -a-r Lii

L a t h  predicted in-a--lace f L i e r  fa lure at the ui’i - a--r - cr1 ~~:‘ - of ~oa-e c-v et - la :

direc tly above the lower corners of t he  i nse et .  Only icr- concept “1’ d i d

the two criteria differ . For this concept . uaxirsun stre:;s s-ra-dicted an

;r C t - a - r l a n  nor fai lure at the -a-enter - --C the spar a-1;-ac’:ut to the wir. . -~ i: ,

whi le  the  Tsa i -Wu  c r i ter i on  p redic ted  an i r -p l :ca-e f ai l- ir e  wher ’s 1*- tag

of the overlap reet~ the :; gar.

Examination of failed specimens (Fi;’ur~sa- 52 thrs- gh fU~) n :f art;
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-
~~

--- --‘----------- - -~~~~~~~~~~~~~ ----- --~~~~~~~~~~~~ - -- - ---.~~~~~ -~ ---~~~~

CONCEPT “A” CONCEPT “B” Most fa~ ur es

~___— 3 . l~~ - O . I-I // \\ ~.—i , , o o

~~~~~~~ H

o End of overlap— io .o o End of ove rlap —i o . i o o

CONCE~~~ c” *t i

CONCEP T “E”
I ,— ~~ S T R E S S  Finite Element P re~ic~ Ca - f l

• Ts ai- Wu and ‘- - t a -  ~- u  a- Stress

A 1 5 * 1 -  WI ~ ~2X l I ] iJ1fl Shear (ad he s ive 1
________ ________ 

Fx per imenta l Observations
- 0 Span lengths indicated

Finsi -~ sI: Initial Failure P cations
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SPA R-W INGS K( N JOINT ~ uiR~ fsi SPAN LENGTH 10.0
CaIN UNs fllaNd.$.

CO NCEPT “A” i- ‘ ‘
mm lO 2O 3O 4O 5~ 

SAMPLE

Fi gure 52: Specimen i-i; Failed (Concept A; 10.0 inch span )

SPAR W~NG5KI N JOINT SPAN LENGTH ~~
~~ mpoiiIN IflM~rlala

CONCE F T “A ’  ‘ SA -~v1PLE 1-mm lO 20 30 40 50 I

Fi gure 53: Specimen 1-2; Failed (Concept A; 8.0 inch span )
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I

SPAR -W INGS KIN JOINT SPAN LENGTH 6 0  j r
~ sIIapONIK ~ Ial~vI~ hs

CONC EPT “A” F ‘ -I SA -~v1P LE 1- -
~m m l O 20 30 40 50

Fi gure 51~1: Specimen 1-3; Failed  ( Concer t  i ;  [.0  in c h  tram )

S F A R W i NGSK I N JOINT SPAN LENGTH 3 6  j r
~~~~~~~~~~~ ~~~~~~~CONC EPT “A” — —4 

~A ’i~ Lmm lO 20 30 40 50 ‘ ‘  -

Fi gure 55: Specimen l_ L~; Failed (Concept A ; 3.6 inch span )
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I

S A R-W ~NGSK IN JOINT SPAN LENC; 1~ ~~. 6
~~.mp.uIs ~ flbI~rIaIN

CGNCEP T “A” F ——i S A 1  LE 2- Imm lO 20 30 40 50

Fi gure 56: Specimen 2-1; Failed (Concept A; 3.6 inch span )

SFAR-W INGSK I N JOINT SPA N LENGTH 6 0  i rC.u.p.uIgs ~$aIuIaIa(‘(~Mrrr -r ‘ IA I ~‘.aJ,u.~~r t- A 2-2mm lO 20 30 40 50

Fi gur e 57: Specimen 2-2; Failed (Concept A; 6.0 inch span )
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SPAR -W I NGSK I N JOINT SPA N LENGT F ~.0
~suipGuIf~ 1fla Nvt ~~hi

CONCEPT “A ” I- ‘ ‘ SA~ PLE 2-~mm 10 20 30 40 50 - ‘  -

Fi gure 58: Specimen 2-3;  Failed (Con c ep t A ;  8 .0  inch span )

—w - -~-~~~~~~ --- -

SPAR - W I NGSK I N JOINT SPAN LENGTH ~0.3
IftsII ~~vIMlu

CONCEP T ‘‘A” ‘ I I 
I c ,A~~

: : I  
~mm 10 20 30 40 50 ~~, L L

F i i ’u r v :  5 j :  Specim en 2—4 ; Failed (Con cept  A ;  il- .0 in c h  a -p
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